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Unlike other Rho GTPases, RhoB is rapidly induced by DNA damage, and its expression level decreases during cancer progres-
sion. Because inefficient repair of DNA double-strand breaks (DSBs) can lead to cancer, we investigated whether camptothecin,
an anticancer drug that produces DSBs, induces RhoB expression and examined its role in the camptothecin-induced DNA dam-
age response. We show that in camptothecin-treated cells, DSBs induce RhoB expression by a mechanism that depends notably
on Chk2 and its substrate HuR, which binds to RhoB mRNA and protects it against degradation. RhoB-deficient cells fail to de-
phosphorylate �H2AX following camptothecin removal and show reduced efficiency of DSB repair by homologous recombina-
tion. These cells also show decreased activity of protein phosphatase 2A (PP2A), a phosphatase for �H2AX and other DNA dam-
age and repair proteins. Thus, we propose that DSBs activate a Chk2-HuR-RhoB pathway that promotes PP2A-mediated
dephosphorylation of �H2AX and DSB repair. Finally, we show that RhoB-deficient cells accumulate endogenous �H2AX and
chromosomal abnormalities, suggesting that RhoB loss increases DSB-mediated genomic instability and tumor progression.

RhoB is a small GTPase from the Rho family of proteins impli-
cated in various intracellular functions, including actin cyto-

skeletal organization (1). Besides its well-established roles, RhoB
emerged as an early DNA damage-inducible gene. RhoB is readily
induced in response to various genotoxic agents, including UV
and cisplatin (2, 3), although the molecular mechanisms of induc-
tion and functional relevance remain unclear. RhoB also differs
from other Rho proteins, as it possesses tumor suppressor func-
tions. The RhoB expression level decreases during the progression
of various tumors, and loss of RhoB promotes cell proliferation,
invasion, and metastasis (4–8).

DNA double-strand breaks (DSBs) are among the most severe
lesions, and their inefficient repair can initiate genomic instability,
ultimately leading to cancer (9–11). DSB repair requires the re-
cruitment of DNA damage response (DDR) proteins in the vicin-
ity of damaged chromatin (12). The serine/threonine kinases
ATM, ATR, and DNA-dependent protein kinase (DNA-PK) are
readily activated by DSBs and phosphorylate various DDR pro-
teins, including histone H2AX and checkpoint kinase 2 (Chk2).
Phosphorylation of these proteins is critical for efficient DDR and
repair (10, 13). These phosphorylations are reversible and re-
moved by specific serine/threonine phosphatases, including pro-
tein phosphatase 2A (PP2A), PP4, PP1, PP6, and Wip1 (14). Ac-
cumulating studies indicate that the timely dephosphorylation of
DDR proteins is required for DSB repair (15–17).

Topoisomerase I (Top1) removes DNA torsional stress gener-
ated during replication and transcription. It relaxes DNA by pro-
ducing transient Top1-DNA cleavage complexes (Top1cc), which
are Top1-linked DNA single-strand breaks (18). The rapid reseal-
ing of Top1cc is inhibited by camptothecin (CPT) and its deriva-
tives, which are used to treat cancers and which bind selectively at
the Top1-DNA interface (18). Stabilized Top1cc interfere with the
progression of replication and transcription complexes, which re-
sults in the production of DSBs (19–21). CPT is a sharp tool to
dissect the cellular response to DSBs, as it has no other target
besides Top1. CPT also has the advantage of trapping Top1cc

reversibly. Indeed, Top1cc reverse fully within minutes after
washing out CPT (18). Here we used CPT to determine whether
DSBs induce RhoB and examined both the mechanisms of induc-
tion and its functional relevance.

MATERIALS AND METHODS
Drugs, chemical reagents, and cell culture. CPT, okadaic acid, fostriecin,
and the DNA-PK inhibitor NU7026 were obtained from Sigma-Aldrich.
Human osteosarcoma (U2OS) and colon carcinoma (HCT116 and
HCT15) cells were obtained from the American Type Culture Collection
(ATCC). HCT15 cells stably expressing wild-type Chk2 (Chk2-WT) or a
kinase-dead Chk2 D347A mutant (Chk2-KD) were obtained from Yves
Pommier (NIH, Bethesda, MD) (22, 23). WT and RhoB�/� E6-immor-
talized mouse embryonic fibroblast (MEF) cells were established in the
laboratory from SV129 mice obtained from G. C. Prendergast (Lankenau
Institute for Medical Research) by using a protocol described previously
(24). WT and RhoB�/� primary mouse dermal fibroblast (MDF) cells
were isolated from SKH1 mice (established in the laboratory from SV129
mice), as described previously (25), and cultured for a maximum of 9
passages. The subline RG37, containing the homologous recombination
substrate (pDR-GFP), was made as described previously (26). The subline
GC92, containing the nonhomologous end joining (NHEJ) substrate
(pCOH-CD4), was made as described previously (27). All of the above-
described cells were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum.

Western blotting. Whole-cell extracts were obtained by lysing cells in
buffer (1% SDS, 10 mM Tris-HCl [pH 7.4]) supplemented with protease
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(Complete; Roche Diagnostics) and phosphatase (Cocktail 3; Sigma-Al-
drich) inhibitors. Viscosity of the samples was reduced by brief sonica-
tion, and proteins were separated by SDS-PAGE and immunoblotted with
the following antibodies: anti-Chk2 (catalog number 2662; Cell Signal-
ing), anti-Chk2-pS516 (catalog number 2669; Cell Signaling), anti-Chk2-
pT68 (catalog number 2661; Cell Signaling), anti-H2AX (catalog number
ab11175; Abcam), anti-�H2AX (catalog number 05-636; Millipore), anti-
HuR (catalog number sc-5261; Santa Cruz), anti-PP2A(C) (catalog num-
ber 1512-1; Epitomics), anti-Rad51 (catalog number PC-130; Millipore),
anti-RhoA (catalog number sc-418; Santa Cruz), anti-RhoB (catalog
number sc-180; Santa Cruz), and anti-�-tubulin (catalog number T5168;
Sigma-Aldrich). Immunoblotting was revealed by chemiluminescence
using autoradiography or a ChemiDoc MP system (Bio-Rad). Quantifi-
cation of protein levels was done by using ImageJ (version 1.40g) in Fig. 1E
and 3F and with Image Lab software (version 4.1) in Fig. 3L and 5D.

RNA immunoprecipitation (RIP). Immunoprecipitation of HuR-as-
sociated RNAs was done as described previously (28), with minor modi-
fications. Forty million cells were lysed for 30 min at 4°C in 750 �l buffer
containing 25 mM Tris-HCl (pH 7.4), 150 mM KCl, 0.5% NP-40, 2 mM
EDTA, 1 mM NaF, and 0.5 mM dithiothreitol (DTT), supplemented with
0.2 U RNasin (Promega) and protease inhibitors (Complete; Roche Di-
agnostics). After centrifugation at 10,000 � g for 10 min, supernatants
were precleared for 30 min at 4°C with 20 �l of protein A/G-agarose beads
(Sigma-Aldrich) previously blocked for 5 h at 4°C in washing buffer (300
mM KCl, 50 mM Tris-HCl [pH 7.4], 1 mM MgCl2, 0.1% NP-40) contain-
ing 5 �g/�l yeast tRNA (Invitrogen), 1 �g/�l acetylated bovine serum
albumin (BSA; Sigma-Aldrich), and protease inhibitors (Complete;
Roche Diagnostics). Beads (20 �l) were coupled with 15 �g of mouse
anti-HuR antibody (catalog number sc-5261; Santa Cruz) or 15 �g of
mouse nonimmune antibody (control IgG) (catalog number 02-6502;
Invitrogen) for 4 h at 4°C and incubated with 2 mg precleared cell lysate
overnight at 4°C. After several washes in washing buffer and proteinase K
(Roche Diagnostics) treatment, immunoprecipitated RNAs were ex-
tracted by using TRIzol LS reagent (Invitrogen) and treated with Turbo
DNase (Ambion) before quantitative reverse transcription-PCR (RT-
qPCR) experiments.

Quantitative reverse transcription-PCR. Total RNAs (MasterPure
RNA purification kit; Epicentre) were subjected to RT by using the iScript
cDNA synthesis kit (Bio-Rad). qPCR analyses were performed on a
CFX96 real-time system device (Bio-Rad) by using IQ SYBR green Super-
mix (Bio-Rad) according to the manufacturer’s instructions. All samples
were analyzed in triplicate, and �-actin mRNA was used as an endogenous
control in the ��CT analysis. The primer pairs used were RhoA-FW (5=-
TGG AAG ATG GCA TAA CCT GTC-3=) and RhoA-RV (5=-AAC TGG
TGG CTC CTC TGG-3=), RhoB-FW (5=-TTG TGC CTG TCC TAG AAG
TG-3=) and RhoB-RV (5=-CAA GTG TGG TCA GAA TGC TAC-3=),
RhoC-FW (5=-TGT CAT CCT CAT GTG CTT CTC-3=) and RhoC-RV
(5=-GTG CTC GTC TTG CCT CAG-3=), RhoE-FW (5=-CCT GCT CCT
CTC GCT CTC-3=) and RhoE-RV (5=-TCT GGC TGG CTC TTC TCT
C-3=), and �-actin-FW (5=-TCC CTG GAG AGG AGC TAC GA-3=) and
�-actin-RV (5=-AGG AAG GAA GGC TGG AAG AG-3=).

Cell transfection (siRNAs and plasmids). For cell transfection with
small interfering RNAs (siRNAs), cells were transfected with HuR-,
Rad51-, or RhoB-targeting siRNAs or nontargeting siRNAs (Eurogentec)
by using Oligofectamine transfection reagent (Invitrogen) according to
the manufacturer’s protocol. Target DNA sequences were 5=-GAG GCA
ATT ACC AGT TTC A-3= for HuR, 5=-GAA GCT ATG TTC GCC ATT
A-3= for Rad51, 5=-GGC ATT CTC TAA AGC TAT G-3= for siRNA
RhoB#1, 5=-GTC CAA GAA ACT GAT GTT A-3= for siRNA RhoB#2,
5=-GCT AAG ATG GTG TTA TTT A-3= for siRNA RhoB#3, and 5=-GAC
GTG GGA CTG AAG GGG T-3= for nontargeting siRNA. Experiments
were performed 48 h after transfection. siRNA RhoB#1 was used in Fig. 4B
and G, siRNA RhoB#2 was used in Fig. 4B to E and G and 5D, and siRNA
RhoB#3 was used in Fig. 3G and H. For cell transfection with plasmids,
cells were transfected with a plasmid encoding hemagglutinin (HA)-RhoB

(29) by using jetPEI DNA transfection reagent (Polyplus transfection)
according to the manufacturer’s protocol. Experiments were performed
24 h after transfection.

Neutral Comet assays. Neutral Comet assays were performed accord-
ing to the manufacturer’s instructions (Trevigen), except that electropho-
resis was performed at 4°C. Comet tail moments were measured by using
ImageJ (version 1.47v) using a macro provided by Robert Bagnell (https:
//www.med.unc.edu/microscopy/resources/imagej-plugins-and-macros
/comet-assay).

DSB repair assays. RG37 and GC92 cells, for homologous recombi-
nation and end joining assays, respectively, were plated at 5 � 105 cells per
well into six-well plates and transfected after 24 h with nontargeting or
RhoB-targeting siRNAs. Forty-eight hours after siRNA transfection, cells
were transfected with 1 �g of an I-SceI-encoding plasmid (pBASCe-ISceI)
by using JetPEI reagent. Cells were collected 72 h later with phosphate-
buffered saline (PBS)–50 mM EDTA and fixed in PBS–2% paraformalde-
hyde for 15 min at room temperature. Green fluorescent protein (GFP)-
positive RG37 cells were detected by flow cytometry using a FACSCalibur
instrument. For NHEJ assays, GC92 cells were incubated with PBS and 2%
(wt/vol) BSA and then stained for 15 min with 1 �l of anti-CD4-phyco-
erythrin (PE) (Miltenyi Biotech) in PBS–1% (wt/vol) BSA. The cells were
washed in PBS before fluorescence-activated cell sorter (FACS) analysis.

WST-1 cell viability assays. WT and RhoB�/� MEF cells were seeded
in triplicate into 96-well microplates at a density of 1,000 cells per well.
Twenty-four hours after plating, cells were treated with various concen-
trations of CPT (from 1.6 nM to 50 �M) and cultured for 72 h. The WST-1
reagent (Roche Diagnostics) was then applied for 1 h at 37°C. The formazan
dye was quantified at 450 nm by using a plate reader (LabSystems Multiskan).
Data are expressed as the percentage of cell survival (mean 	 standard devi-
ation [SD] of treated cells normalized to the mean 	 SD of untreated cells,
which was set to 100%).

Protein phosphatase 2A activity assays. Protein phosphatase 2A
(PP2A) activity was assayed by using a PP2A immunoprecipitation phos-
phatase assay kit (Upstate) according to the manufacturer’s protocol.
Briefly, cells were lysed on ice in phosphatase extraction buffer (20 mM
imidazole-HCl [pH 7.0], 2 mM EDTA, 2 mM EGTA) supplemented with
a protease inhibitor cocktail (Sigma-Aldrich). The cell lysate (500 �g) was
incubated for 2 h at 4°C with protein A-agarose beads coupled with 4 �g
of mouse anti-PP2A(C) antibody (clone 1D6; Upstate) or mouse nonim-
mune antibody (control IgG) (catalog number 02-6502; Invitrogen).
Phosphatase activity was assayed by incubating the immunoprecipitated
proteins with the synthetic threonine phosphopeptide K-R-pT-I-R-R at
30°C for 10 min prior to detection with malachite green phosphate detec-
tion solution. After 15 min, free phosphate was quantified by measuring
the absorbance at 620 nm in a microplate reader. Phosphatase activity was
calculated by using a phosphate standard curve. All samples were analyzed
in triplicate.

Detection of Top1-DNA cleavage complexes. Cellular Top1-DNA
cleavage complexes (Top1cc) were detected as previously described (30),
except that immunoblotting was revealed with a rabbit monoclonal anti-
Top1 antibody from Abcam (ab109374) and by chemiluminescence using
autoradiography or a ChemiDoc MP system (Bio-Rad). Quantification
for Fig. 3L was performed by using Image Lab software (version 4.1).

Immunofluorescence microscopy. Immunofluorescence micros-
copy of �H2AX was performed, as described previously (20), with an
anti-�H2AX antibody from Millipore (catalog number 05-636). Immu-
nofluorescence microscopy of Rad51 was performed as described previ-
ously (31) by using an anti-Rad51 antibody from Millipore (catalog num-
ber PC-130), except that cells were fixed/permeabilized with ice-cold
methanol for 15 min at 4°C and further permeabilized with 0.5% Triton
X-100 for 5 min at room temperature. Slides were visualized by using a
fluorescence microscope (Eclipse 90i; Nikon), and pictures were analyzed
with Photoshop CS3 (Adobe).
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DNA extraction and comparative genomic hybridization (CGH) ar-
rays. Genomic DNA was extracted from WT and RhoB�/� primary MDF
cells by using the QIAamp DNA kit (Qiagen). DNA from WT and
RhoB�/� cells was labeled with Cy3 and Cy5 (Dual color labeling kit;
Roche-Nimblegen), respectively, before hybridization on 720K whole-
genome tiling arrays (Roche-Nimblegen). Slides were scanned by using
the MS200 scanner (Tecan), and images were analyzed by using DEVA 2.1
software (Roche-Nimblegen) with segmentation and background correc-
tion. Amplification and deletion were considered significant events when
at least 5 consecutive probes had a log2 value of �0.3 (amplification) or a
log2 value of ��0.4 (deletion). We determined the genomic instability
index with the formula (number of deletions 
 number of amplifica-
tions)2/number of altered chromosomes, as previously described (32).
Sexual chromosomes were excluded from the analysis.

RhoB and RhoA activity assays. The Rho binding domain (RBD) of
rhotekin, an effector of Rho proteins that selectively binds to the GTP-
loaded form, was expressed as a recombinant fusion with glutathione
S-transferase (GST) in Escherichia coli and purified through binding to
glutathione (GSH)-Sepharose beads. Cells (8 � 106) were lysed on ice in
800 �l lysis buffer (50 mM Tris-HCl [pH 7.5], 500 mM NaCl, 10 mM
MgCl2, 1% Triton X-100, 10 mM DTT) supplemented with a protease
inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitors (Halt
phosphatase inhibitor cocktail; Thermo Scientific). GST-RBD beads (30
�l) were incubated with the cell lysate for 30 min at 4°C. An aliquot from
each lysate was removed as a control for equivalent input for the assay.
After three washes in ice-cold washing buffer (50 mM Tris-HCl [pH 7.5],
500 mM NaCl, 10 mM MgCl2, 1% Triton X-100), bound Rho proteins
were eluted from the beads with SDS-PAGE sample buffer at 95°C and ana-
lyzed by Western blotting with anti-RhoB (catalog number sc-180; Santa
Cruz) or anti-RhoA (catalog number sc-418; Santa Cruz) antibodies.

RhoB promoter activity. U2OS cells were cotransfected with a plas-
mid encoding the RhoB promoter linked to the firefly luciferase reporter
gene and a plasmid encoding the cytomegalovirus (CMV) promoter

linked to the Renilla luciferase reporter gene (internal control), as de-
scribed previously (2). Luciferase activities were measured 48 h after
transfection by using the Dual Luciferase assay system (Promega), and
results were expressed as the ratio of the activity of the firefly luciferase to
the activity of the Renilla luciferase.

BrdU incorporation assays. Cells were incubated with 30 �M bro-
modeoxyuridine (BrdU; Sigma-Aldrich) for 30 min and labeled with anti-
BrdU antibody according to the manufacturer’s protocol (clone B44; BD
Biosciences). Cells were analyzed on a Becton, Dickinson FACScan flow
cytometer (BD Biosciences).

RESULTS
RhoB is rapidly and selectively induced in response to DSBs.
Exposure of human cancer cells to 25 �M CPT revealed a 2-fold
increase of the RhoB mRNA level within 30 min (Fig. 1A). At this
CPT concentration, the levels of RhoB mRNA reached a maxi-
mum 5-fold increase after 2 h (Fig. 1A). To investigate whether the
induction of RhoB mRNA was dose dependent, cells were treated
for 4 h with increasing CPT concentrations. RhoB induction was
clearly detected at 1 �M and increased with increasing CPT con-
centrations (Fig. 1B). In contrast, the two RhoB homologs RhoA
and RhoC were not induced after short exposures to CPT (Fig.
1C). RhoE, another member of the Rho family, has been identified
as a p53-inducible gene in response to genotoxic agents (33). The
authors of that study focused on upregulation of RhoE mRNA
after long exposures to genotoxic agents, typically 12 h or longer.
Figure 1C shows no increase in the RhoE mRNA level after short
exposures to CPT in p53 wild-type U2OS cells under conditions
where RhoB mRNA levels reached a maximum increase.

The increase in the RhoB mRNA level was associated with an
increase in the RhoB protein level that was detectable 1 h after CPT

FIG 1 Rapid and selective increase of RhoB by CPT-induced DSBs. (A and B) RhoB mRNA was analyzed by RT-qPCR in cells treated for the indicated times with
25 �M CPT (U2OS cells) (A) and with the indicated CPT concentrations for 4 h (HCT15/Chk2-WT cells) (B). Data shown are means 	 SD for triplicate samples.
(C) The indicated transcripts were analyzed by RT-qPCR in U2OS cells treated with 25 �M CPT (means 	 SD for three independent experiments). (D) Western
blotting of RhoB, RhoA, and �H2AX in U2OS cells treated with 25 �M CPT. �-Tubulin was the loading control. (E) Quantification of RhoB and RhoA protein
levels by Western blotting in U2OS cells treated with CPT (25 �M for 4.5 h). Data shown are the means 	 SD for three independent experiments. **, P � 0.01
by t test. (F) Active (GTP-bound) Rho proteins were pulled down with GST-rhotekin-RBD (Rho binding domain) beads in extracts from U2OS cells treated with
25 �M CPT for 4 h. The active forms of RhoB and RhoA were detected by Western blotting with antibodies against RhoB and RhoA, respectively. Total RhoB and
RhoA protein levels were examined in the extracts before pulldown (input). (G) HCT15/Chk2-WT cells were treated with the replication inhibitor aphidicolin
(APH) (1 �M for 15 min) before the addition of CPT (1 �M for 2 h). (Top) RT-qPCR analysis of RhoB mRNA. Data shown are means 	 SD for three
independent experiments. The asterisk denotes a significant difference from CPT-treated cells without APH (P � 0.05 by t test). (Bottom) Western blotting of
�H2AX and H2AX.
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treatment (Fig. 1D and E). Pulldown of active (GTP-bound) Rho
proteins followed by immunoblotting with an anti-RhoB anti-
body indicated that CPT induced both total and active RhoB pro-
teins (Fig. 1F), although it is still unclear whether these two events
are connected. Under these conditions, the levels of total and ac-
tive RhoA remained unchanged (Fig. 1D to F), which is consistent
with the lack of induction of RhoA mRNA after CPT treatment
(Fig. 1C).

Because DSBs are readily produced in CPT-treated cells (18),
we tested whether they could be the initiating events for RhoB
induction. Figure 1D shows that the increase in the level of RhoB
protein coincided with the phosphorylation of H2AX at Ser139
(referred to as �H2AX), a marker for DSBs (9). To assess more
directly the role of DSBs, we prevented their production in CPT-
treated cells. DSBs are primarily produced during DNA replica-
tion at low concentrations (�1 �M) of CPT (18). As expected
(19), inhibition of replication with aphidicolin prevented the in-
duction of �H2AX in response to CPT (Fig. 1G, bottom). Under
these conditions, aphidicolin also prevented the induction of
RhoB mRNA (Fig. 1G, top). These results suggest that DSBs pro-
mote RhoB upregulation.

Although RhoB can be induced in cells undergoing apoptosis
(34), it is unlikely that the early increase in the level of RhoB
induced by CPT resulted from the activation of apoptotic path-
ways. The increase of the RhoB level preceded the caspase-depen-
dent cleavage of poly(ADP-ribose) polymerase (PARP) by sev-
eral hours and was not prevented by the pancaspase inhibitor
benzyloxycarbonyl-Val-Ala-DL-Asp(OMe)-fluoromethyl ketone
(zVAD-fmk) (data not shown). Together, these results indicate
that RhoB is induced rapidly and selectively in response to CPT-
induced DSBs prior to and independently of apoptosis.

HuR-dependent stabilization of RhoB mRNA in CPT-
treated cells. Increases of both transcription and transcript stabil-
ity have been involved in the upregulation of RhoB mRNA in
UV-exposed cells (2, 35). To examine RhoB transcription, we
linked its promoter to a luciferase reporter gene. Figure 2A shows
that CPT did not increase luciferase activity in cells transfected
with this construct, indicating that transcription is unlikely to
account for the upregulation of RhoB mRNA. Next, we compared
the stability of RhoB mRNA between untreated and CPT-treated
cells. Experiments performed in the presence of the transcription
inhibitor flavopiridol revealed that the half-life of RhoB mRNA
was greatly prolonged in CPT-treated cells (Fig. 2B).

The RNA binding protein HuR is known to bind to and stabi-
lize target mRNAs (36). RhoB mRNA contains a HuR binding site
in its 3= untranslated region (UTR) (28), and a constitutive HuR-
RhoB mRNA interaction has been found by RNA immunopre-
cipitation coupled with microarray analyses (RIP-chip) (37, 38).
To test the potential role of HuR in the enhanced stability of RhoB
mRNA, we tested whether HuR inhibition affected CPT-induced
RhoB mRNA. Figure 2C shows that siRNA-mediated depletion of
HuR decreased the induction of RhoB mRNA. To further impli-
cate HuR, we examined its binding to RhoB mRNA by RIP exper-
iments. Endogenous HuR was immunoprecipitated, and the levels
of coimmunoprecipitated RhoB mRNA were analyzed by RT-
qPCR. In untreated cells, RhoB transcripts were enriched in HuR
immunoprecipitates compared with those in control IgG immu-
noprecipitates (Fig. 2D), indicating that HuR binds to RhoB
mRNA under normal conditions, as expected (37, 38). Cellular
exposure to CPT resulted in a further enrichment of RhoB mRNA

in HuR immunoprecipitates, which was detected within 30 min
and increased with the time of CPT exposure (Fig. 2D). A similar
increase in HuR-RhoB mRNA interactions has been observed af-
ter short exposures to UV (35), suggesting that HuR-dependent
stabilization of RhoB mRNA is a common mechanism for the
early induction of RhoB by genotoxic agents.

Chk2-dependent HuR-RhoB mRNA interaction in response
to DSBs. Chk2 is a serine/threonine kinase readily activated by
DSBs (39). Active Chk2 phosphorylates HuR with RNA recogni-
tion motifs and modulates HuR binding to target mRNAs (37,
40–42). As expected (43), CPT induced rapid phosphorylation of
Chk2 at Thr68 (Fig. 2E), which reflects its activation (44). Chk2
Thr68 phosphorylation was detected 30 min after CPT treatment
(Fig. 2E) and coincided with the increased association of HuR
with RhoB mRNA (Fig. 2D).

To assess directly the involvement of Chk2, we used HCT15
cells (Chk2 deficient) stably expressing wild-type Chk2 (Chk2-
WT) or kinase-dead Chk2 (Chk2-KD). The levels of HuR protein
were comparable in Chk2-WT and Chk2-KD cells and were un-
affected by CPT treatment (Fig. 2H). Figure 2F shows that HuR
binding to RhoB mRNA was reduced in Chk2-KD cells compared
to Chk2-WT cells in response to CPT. These results led us to test
whether the level of CPT-induced RhoB was also reduced in
Chk2-KD cells. The induction of RhoB mRNA (Fig. 2G) and pro-
tein (Fig. 2H) was defective in Chk2-KD cells treated with CPT. As
a control, parental HCT15 cells (Chk2 deficient) exhibited a sim-
ilar induction defect in RhoB mRNA (data not shown) as that of
Chk2-KD cells (Fig. 2G). Both WT and Chk2-KD cells showed
identical induction of �H2AX in response to CPT (Fig. 2H), indi-
cating that the defective response of Chk2-KD cells is not caused
by a decreased amount of DSBs.

RhoB facilitates �H2AX dephosphorylation in CPT-treated
cells. To assess the potential role of RhoB in the cellular response
to CPT, we compared survival of WT and RhoB-deficient
(RhoB�/�) E6-immortalized MEF cells after CPT treatment. Cells
were treated with increasing concentrations of CPT, and CPT sen-
sitivity was assessed by WST-1 survival assays. Figure 3A shows
that RhoB�/� cells are more sensitive to CPT than are WT cells,
indicating that RhoB participates in the cellular response to CPT.

Because the cytotoxicity of CPT depends on Top1-linked DNA
single-strand break (Top1cc)-induced DSBs (18), we analyzed the
influence of RhoB on both the formation of Top1cc and the pro-
duction of DSBs. Primary cells (WT and RhoB�/�) were used, as
they normally have low background levels of �H2AX (45). Our
results indicated that CPT-induced Top1cc (Fig. 3B) and �H2AX
(Fig. 3C) levels were similar in WT and RhoB�/� cells.

We therefore hypothesized that the hypersensitivity of
RhoB�/� cells could instead result from a defect in the repair of
these DSBs. To determine the kinetics of DSB repair, we analyzed
the kinetics of �H2AX dephosphorylation (45). WT and RhoB�/�

cells were exposed to CPT for 1 h and washed, and �H2AX de-
phosphorylation was monitored post-CPT treatment (release)
(Fig. 3D). Unlike continuous exposure to CPT, this protocol al-
lows the study of DSB repair, as Top1cc reverse fully within min-
utes after washing out CPT (18), and DSBs are then no longer
produced. After termination of the CPT treatment, �H2AX levels
decreased by approximately 70% within 7 h in WT cells (Fig. 3E
and F), which is consistent with the kinetics and magnitude of
�H2AX focus loss after exposure to ionizing radiation (46). Under
these conditions, �H2AX levels were not significantly reduced in

RhoB Promotes DSB Repair

August 2014 Volume 34 Number 16 mcb.asm.org 3147

http://mcb.asm.org


RhoB�/� cells (Fig. 3E and F). Immunofluorescence microscopy
confirmed the pronounced defect of �H2AX dephosphorylation
in RhoB�/� cells after removal of CPT (data not shown). In addi-
tion, siRNA-mediated depletion of RhoB in human HCT116 cells
(Fig. 3G) also resulted in a marked reduction of �H2AX dephos-
phorylation after removal of CPT (Fig. 3H). Neutral Comet assays
confirmed that the persistence of �H2AX in RhoB-deficient cells
post-CPT treatment corresponded to unrepaired DSBs (Fig. 3I
and J). Analysis of endogenous Top1cc showed that they reversed
efficiently in both WT and RhoB�/� cells after removal of CPT

(Fig. 3K and L). Thus, it is unlikely that the persistent �H2AX
signal in RhoB�/� cells resulted simply from the further produc-
tion of DSBs after termination of the CPT treatment. These results
indicate that RhoB promotes �H2AX dephosphorylation and
DSB repair.

RhoB promotes DSB repair by homologous recombination.
Homologous recombination and nonhomologous end joining
(NHEJ) are the prevalent pathways for the repair of DSBs (47). To
assess directly the involvement of RhoB in DSB repair, we used
human RG37 fibroblast cells that contain a single chromosomally

FIG 2 Chk2- and HuR-dependent stabilization of RhoB mRNA in response to CPT. (A) RhoB promoter activity was determined after transfection of U2OS cells
with a RhoB promoter-luciferase reporter gene construct before treatment with 25 �M CPT. Data shown are means 	 SD for three independent experiments.
The positive control (
) was cells treated with trichostatin A (1 �M for 15 h). (B) U2OS cells were left untreated (Ctrl) or were treated with CPT (25 �M for 2
h) before the addition of the transcription inhibitor flavopiridol (FLV) (1 �M). RhoB mRNA was analyzed by RT-qPCR and normalized to the level at the time
of flavopiridol addition, which was set to 100% (averages of data from two independent experiments). The half-life (t1/2) of RhoB mRNA is indicated. (C)
HCT116 cells were transfected with HuR-targeting or nontargeting (control) siRNAs before treatment with CPT (25 �M for 6 h). (Top) RT-qPCR analysis of
RhoB mRNA (means 	 SD for triplicate samples). (Bottom) Western blotting showing the efficiency of HuR silencing. �-Tubulin was the loading control. (D)
Increased HuR-RhoB mRNA interaction upon CPT treatment. HuR was immunoprecipitated (IP) from HCT15/Chk2-WT cells treated with 25 �M CPT. The
control was immunoprecipitation with nonimmune IgG. Coimmunoprecipitated RhoB mRNA was analyzed by RT-qPCR relative to �-actin mRNA levels in the
input samples (means 	 SD for triplicate samples). (E) Phosphorylation of Chk2 on Thr68 was examined by Western blotting in HCT15/Chk2-WT cells treated
with 25 �M CPT. Chk2 and HuR were examined in parallel. (F) Chk2-dependent binding of HuR to RhoB mRNA. HCT15/Chk2-WT and HCT15/Chk2-KD cells
were treated with 25 �M CPT for 4 h, and RhoB mRNA was analyzed in HuR immunoprecipitations, as described above for panel D. (G and H) HCT15/
Chk2-WT and HCT15/Chk2-KD cells were treated with 25 �M CPT. (G) RhoB mRNA was analyzed by RT-qPCR (means 	 SD for triplicate samples). (H)
Western blotting of the indicated proteins. Phosphorylation of Chk2 on Ser516, which is an autophosphorylation site in response to DNA damage (64), was used
to control Chk2 kinase activity in cells expressing WT or kinase-dead Chk2.
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FIG 3 RhoB-deficient cells are defective for �H2AX dephosphorylation after CPT removal. (A) WT and RhoB�/� MEF cells were treated with the indicated
concentrations of CPT for 72 h, and cell survival was analyzed by a WST-1 assay (means 	 SD for triplicate samples). (B) Detection of Top1-DNA cleavage
complexes (Top1cc) in WT and RhoB�/� primary mouse dermal fibroblast (MDF) cells treated with CPT (25 �M for 1 h). Different amounts of genomic DNA
(5, 2.5, and 1.25 �g) were probed with an anti-Top1 antibody. (C) Western blotting of �H2AX and H2AX in WT and RhoB�/� primary MDF cells treated with
CPT (25 �M for 1 h). (D) Cell treatment protocol for the study of �H2AX dephosphorylation (E to H), DSB repair (I and J), and Top1cc reversal (K and L) in
response to CPT. Cells were treated with CPT for 1 h and washed (W) and cultured in CPT-free medium (release) for the indicated times. (E and F) Western
blotting of �H2AX and H2AX in WT and RhoB�/� primary MDF cells (CPT, 25 �M). (E) Representative experiment. (F) Quantification of �H2AX protein levels
(means 	 SD for three independent experiments). *, P � 0.05; ***, P � 0.001 (by t test). (G and H) HCT116 cells were transfected with RhoB-targeting or
nontargeting (control) siRNAs. (G) Western blotting showing the efficiency of RhoB silencing in two independent experiments. �-Tubulin was the loading
control. (H) Western blotting of �H2AX and H2AX (CPT, 1 �M; release, 6 h). Lines indicate that intervening wells have been spliced out. (I and J) Detection of
DSBs by a neutral Comet assay in WT and RhoB�/� primary MDF cells (CPT, 25 �M; release, 1 h). (I) Representative pictures of nuclei. (J) Quantification of
Comet tail moment (averages 	 standard errors of the means). Sixty cells were examined per group. (K and L) Detection of Top1cc in MEF cells treated with 25
�M CPT for 1 h. R30= and R60= indicate cells harvested 30 and 60 min after CPT removal, respectively. Different amounts of genomic DNA (5, 2.5, and 1.25 �g)
were probed with an anti-Top1 antibody. (K) Representative experiment. Dashed lines indicate where panels have been reorganized to facilitate reading. (L)
Quantification of Top1cc normalized to values for CPT-treated cells (means 	 SD for three independent experiments). The dashed line indicates Top1cc levels
in WT untreated cells.
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FIG 4 RhoB-deficient cells are defective for DSB repair by homologous recombination. (A) Substrate and strategy used to measure DSB-induced homologous
recombination (26, 48). The pDR-GFP substrate contains two inactive genes coding for GFP under the control of a promoter (P). The 5= gene is inactive because
of the insertion of a cleavage site for I-SceI. The 3= gene is inactive because it is deleted in both the 5= and 3= directions. When a DSB is produced by I-SceI,
recombination between these two inactive genes (specifically gene conversion) restores a functional GFP coding sequence by either intrachromatid homologous
recombination (represented) or unequal sister chromatid exchange (not represented). (B) RG37 cells stably expressing the pDR-GFP substrate were transfected
with RhoB-targeting or nontargeting (control) siRNAs for 2 days and then transfected with an I-SceI plasmid for an additional 3 days. Cells transfected with
Rad51-targeting siRNAs were used as a control for the pDR-GFP substrate. “No I-SceI” corresponds to cells transfected with an empty plasmid for 3 days. (Top)
Percentages of GFP-positive recombinant cells determined by flow cytometry and normalized to the level of cells cotransfected with control siRNAs and I-SceI,
which was set to a value of 1. Data shown are means 	 standard errors of the means for five (with RhoB#1 siRNA) or three (with RhoB#2 and Rad51 siRNAs)
independent experiments. ***, P � 0.001; **, P � 0.01 (by t test). (Bottom) Western blotting of RhoB and Rad51. �-Tubulin was the loading control. (C and D)
HCT15/Chk2-WT cells were transfected with RhoB-targeting or nontargeting (control) siRNAs and left untreated or were treated with 1 �M CPT for 1 h. Rad51
foci were analyzed by immunofluorescence microscopy at 6 h post-CPT treatment (Release) (see protocol described in the legend to Fig. 3D). (C) Representative
images. DAPI, 4=,6-diamidino-2-phenylindole. Bar, 10 �m. (D) Percentages of cells with at least five Rad51 foci. At least 200 cells were analyzed in each group
(means 	 standard errors of the means). (E) HCT15/Chk2-WT cells were transfected with RhoB-targeting or nontargeting (control) siRNAs, labeled with 30 �M
BrdU for 30 min, and analyzed by flow cytometry. Numbers indicate percentages of BrdU-positive cells (means 	 SD for three experiments). Unlabeled cells were
used as negative controls for anti-BrdU staining. PI, propidium iodide. (F) Substrate and strategy used to measure DSB-induced end joining (49). The
pCOH-CD4 substrate contains genes coding for the membrane antigens H2Kd, CD8, and CD4. The only expressed gene is H2Kd. CD8 is not expressed because
it is in an inverted orientation, and CD4 is not expressed because it is too far from the promoter (P). Two cleavage sites for I-SceI are present in noncoding
sequences, which are in direct orientation generating cohesive ends between the two sites. When two DSBs are produced by I-SceI, the internal fragment
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integrated copy of the pDR-GFP substrate (26) (Fig. 4A). This
substrate allows the monitoring of homologous recombination,
specifically gene conversion, induced by a DSB produced by the
nuclease I-SceI (48). Plasmid pDR-GFP consists of a tandem re-
peat of two inactive GFP genes, one of them containing a cleavage
site for I-SceI. Transient expression of I-SceI produces a DSB in
the chromosomal recombination substrate, which can induce ho-
mologous recombination and recreates a functional GFP (Fig.
4A). The recombinant cells become fluorescent and can be de-
tected by flow cytometry. In RG37 cells, siRNA-mediated deple-
tion of RhoB decreased the induction of GFP-positive recombi-
nant cells in response to I-SceI expression (Fig. 4B). In agreement
with these results, siRNA-mediated depletion of RhoB also pre-
vented the formation of Rad51 foci post-CPT treatment (Fig. 4C
and D), a key protein in homologous recombination that is re-
cruited at DSB sites (47). Flow cytometry analysis of BrdU incor-
poration versus DNA content showed that the percentages of
S-phase cells were similar in cells transfected with control and
RhoB-targeting siRNAs (Fig. 4E) as well as in WT and RhoB�/�

MEF cells (WT cells, 46.3% 	 2%; RhoB�/� cells 45.0% 	 0.7%)
(data not shown). Thus, RhoB deficiency did not result in a lower
proportion of S-phase cells, which excludes the possibility that
fewer cells in S phase account for the reduced DSB repair by ho-
mologous recombination.

To assess the potential involvement of RhoB in NHEJ repair,
we used human GC92 fibroblast cells stably expressing the pCOH-
CD4 substrate (27, 49, 50) (Fig. 4F). This substrate contains genes
encoding the membrane antigens H2Kd, CD8, and CD4. Before
expression of I-SceI, neither CD8 nor CD4 is expressed. I-SceI
expression produces the excision of the H2Kd/CD8 fragment, and
rejoining of the DNA ends leads to the expression of the CD4 gene
(Fig. 4F). Cells expressing CD4 at the plasma membrane can be
detected by flow cytometry using an anti-CD4 antibody. Figure
4G shows that siRNA-mediated depletion of RhoB did not signif-
icantly affect the induction of CD4-positive cells in response to
I-SceI expression. Together, these results indicate that RhoB is
involved in DSB repair primarily by homologous recombination.

RhoB-deficient cells are defective for PP2A activity. Inhibi-
tion of PP2A is known to impair DSB repair by homologous re-
combination (16). In addition, although several serine/threonine
phosphatases (PP2A, PP4, PP1, PP6, and Wip1) can dephosphor-
ylate �H2AX (14), PP2A seems to be the main phosphatase for
�H2AX in response to CPT (15). PP2A inhibition induces persis-
tent �H2AX and DSBs in CPT-treated cells and increases cellular
sensitivity to CPT (15), effects similar to those observed in RhoB-
deficient cells (Fig. 3). We therefore examined whether RhoB in-
hibition could affect PP2A activity.

Consistent with the prevalent role of PP2A in removing
�H2AX in CPT-treated cells (15), inhibition of PP2A with fostrie-
cin or okadaic acid completely prevented �H2AX dephosphory-
lation following removal of CPT (Fig. 5A). Next, we measured
PP2A activity in WT, RhoB�/�, and RhoB�/� cells complemented

with HA-RhoB. The levels of PP2A(C) protein were similar in all
cell populations (Fig. 5B). Figure 5C shows that PP2A activity was
reduced in RhoB�/� cells compared to WT and RhoB�/� cells
complemented with HA-RhoB. To determine whether RhoB and
PP2A are in the same pathway to dephosphorylate �H2AX, we
compared the levels of �H2AX post-CPT treatment when RhoB is
expressed or not under conditions where PP2A activity is inhib-
ited. Figure 5D shows that RhoB suppression with siRNA did not
further increase the level of �H2AX in cells exposed to okadaic
acid post-CPT treatment. From these results, we propose that
RhoB promotes PP2A activity and DSB repair.

RhoB-deficient cells reveal endogenous �H2AX foci and
genomic instability. Because we found that RhoB promotes DSB
repair, we examined whether RhoB-deficient cells would accumu-

H2Kd/CD8 is excised, and rejoining of the DNA ends leads to the expression of the CD4 gene. (G) GC92 cells stably expressing the pCOH-CD4 substrate were
transfected as described above for panel B, and percentages of CD4-positive cells were determined by flow cytometry using an anti-CD4 antibody. Nontargeting-
siRNA-transfected cells treated with the DNA-PK inhibitor NU7026 (DNA-PKi) (10 �M) at the time of transfection with the I-SceI plasmid were used as a
control for the pCOH-CD4 substrate. Data shown are means 	 standard errors of the means for seven (with siRNA RhoB#1) or three (with siRNA RhoB#2 and
the siRNA control plus the DNA-PK inhibitor) independent experiments. ns, nonsignificant (P � 0.15 [with siRNA RhoB#1] and P � 0.14 [with siRNA
RhoB#2]); ***, P � 0.001 (by t test).

FIG 5 RhoB-deficient cells are defective for PP2A activity. (A) Western blot-
ting of �H2AX and H2AX in HCT15/Chk2-WT cells treated with 1 �M CPT
for 1 h and washed and cultured in CPT-free medium for 5 h (release). Okadaic
acid (OA) (100 nM) (lane 4) and fostriecin (100 nM) (lane 5) were added
immediately after CPT removal (washes). See also the treatment protocol de-
scribed in the legend of Fig. 3D. (B and C) Primary MDF cells of each genotype
were analyzed for RhoB and PP2A(C) expression by Western blotting (B) and
for PP2A activity after PP2A(C) immunoprecipitation (IP) using the Thr
phosphopeptide K-R-pT-I-R-R as a substrate (C). Data shown are means 	
SD for three independent experiments. *, P � 0.05; ***, P � 0.001 (by t test).
IB, immunoblotting. (D) HCT15/Chk2-WT cells were transfected with RhoB-
targeting or nontargeting (control) siRNAs before treatment, as described
above for panel A. Western blotting of �H2AX and H2AX. The top panel
shows quantification of �H2AX expression normalized to the expression level
of H2AX, shown at the bottom.
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late endogenous DSBs. We analyzed �H2AX nuclear foci by im-
munofluorescence microcopy in WT and RhoB�/� cells in the
absence of treatment. This technique is much more sensitive than
Western blotting, as it can detect a single DSB focus per cell (9).
Figure 6A reveals increased numbers of �H2AX foci in RhoB�/�

cells compared to WT cells. Quantitative analyses of the micros-
copy images showed that approximately 25% of RhoB�/� nuclei
formed 
15 �H2AX foci, compared to 3% in WT cells (Fig. 6B).

Inefficient repair of DSBs can initiate genomic instability (9,
10). To evaluate genomic instability in RhoB�/� cells, we per-
formed comparative genomic hybridization (CGH) whole-ge-
nome tiling arrays. Genomic DNA of primary mouse dermal fi-
broblast (MDF) cells from RhoB�/� mice was compared to a pool
of genomic DNA of MDF cells from four WT syngeneic mice. As a
control for genomic alterations due to interindividual variability,
genomic DNA of MDF cells from a WT mouse was compared to
the pool of WT genomic DNA (Fig. 6C). The three RhoB�/� mice
analyzed revealed an increased number of chromosomal amplifi-

cation and deletion events compared to the WT mouse (Fig. 6D).
A representative chromosome is shown in Fig. 6E. In accordance
with these results, the total length of chromosomal alterations and
the genomic instability index, which reflects the number of alter-
ations per chromosome (32), were also higher in RhoB�/� mice
(Fig. 6D). Together, these experiments suggest that RhoB loss in-
creases the number of endogenous DSBs and genomic instability.

DISCUSSION

Here we identify RhoB as the first GTPase involved in the signaling
and repair of DSBs. Our data support a model in which DSBs
activate a Chk2-HuR-RhoB pathway that promotes PP2A-medi-
ated dephosphorylation of �H2AX and repair (Fig. 7). DSBs are
likely the initiating events for RhoB upregulation, as inhibition of
CPT-induced DSBs by blocking of replication suppressed the in-
duction of RhoB mRNA (Fig. 1G). Also, the induction of RhoB
depends on Chk2 (Fig. 2), a checkpoint kinase readily activated by
DSBs (39). Other parallel pathways besides Chk2 probably also

FIG 6 RhoB loss is accompanied by increased �H2AX levels and chromosomal abnormalities. (A) Representative images of WT and RhoB�/� primary MDF
cells after staining for �H2AX. DNA was counterstained with DAPI (blue). Bar, 10 �m. (B) Quantification of the number of �H2AX foci per nucleus. A minimum
of 500 nuclei was analyzed per cell type (means 	 SD for three independent experiments). (C) Design of the CGH array analysis. Genomic DNA of RhoB�/� MDF
cells was compared to a pool of genomic DNA of MDF cells from four different WT syngeneic mice. As a control, to determine the number of genomic alterations
due to interindividual variability, genomic DNA of WT MDF cells was compared to the pool of genomic DNA from WT mice. (D) Table showing whole-genome
chromosomal amplification and deletion events as well as the total length (in kbp) of chromosomal alterations in RhoB�/� MDF cells compared to WT MDF cells
analyzed by CGH arrays. The genomic instability index was calculated with the formula (number of deletions 
 number of amplifications)2/number of altered
chromosomes, as previously described (32). (E) Chromosome plots for chromosome 15 of RhoB�/� MDF cells from mouse 2 compared to the pool of WT MDF
cells, as determined by a CGH array. This chromosome is representative of the mean numbers of amplification and deletion events in RhoB�/� MDF cells.
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contribute to RhoB induction, as Chk2-KD cells are not com-
pletely defective for HuR-RhoB mRNA interaction (Fig. 2F) and
RhoB induction in response to CPT (Fig. 2G and H). The Chk2-
independent induction of RhoB (Fig. 7) may be sufficient to pro-
mote �H2AX dephosphorylation, as Chk2-KD cells dephosphor-
ylate �H2AX with an efficiency similar to that of Chk2-WT cells 5
h after CPT removal (data not shown). Moreover, because Chk2 is
a major player in DSB repair (it phosphorylates/activates Brca1,
p53, and PP2A) (39), these results also raise the possibility that
Chk2-KD cells have evolved and compensate by increasing Chk2-
independent pathways to repair DSBs. Such pathways may impli-
cate Chk1. Indeed, CPT is known to activate the ATR-Chk1 path-
way (18, 19), and Chk1 can promote HuR-dependent stabilization
of mRNAs by inhibiting Cdk1-mediated phosphorylation of HuR
(51, 52). Moreover, Chk1 can also promote DSB repair by phos-
phorylating the repair factor Rad51 (53). In addition, the effect of
Chk2 loss seems to be less pronounced on HuR-RhoB mRNA
interactions than on RhoB mRNA levels after CPT treatment, which
raises the possibility that other pathways besides HuR also participate
in the induction of RhoB mRNA by Chk2. Further support for the
role of DSBs is provided by independent studies showing that RhoB is
also upregulated early in response to UV and cisplatin (2, 3), which
can produce DSBs in replicating cells (54–56).

RhoB appears to be implicated in the repair of DSBs from
different origins. Indeed, RhoB-deficient cells maintain elevated
�H2AX levels in response to CPT (Fig. 3), which produces DSBs
indirectly during replication (19) and transcription (20) as well as
in response to endogenous DSBs (Fig. 6). RhoB-deficient cells are
also defective in the repair of DSBs that are produced directly by
the endonuclease I-SceI (Fig. 4). DSBs are potentially lethal DNA
lesions if not repaired (9). In agreement with the involvement of
RhoB in DSB repair, RhoB-deficient cells are hypersensitive to
CPT (Fig. 3A) and other genotoxic agents that can also induce
DSBs, such as ionizing radiation (57) and UV (2).

It is now well documented that inhibition of PP2A activity
impairs DSB repair (15–17). Hence, our finding that RhoB-defi-
cient cells are defective for PP2A activity (Fig. 5) links RhoB ex-
pression to DSB repair. Although RhoB can bind PP2A(C) (58), it
is not known whether this interaction is important for PP2A ac-
tivity. PP2A may stimulate DSB repair by the timely dephosphor-

ylation of �H2AX (15). Our analysis showing that RhoB-deficient
cells are defective for DSB repair by homologous recombination
but not for DSB repair by end joining (Fig. 4) further suggests that
�H2AX dephosphorylation might be specifically required for ho-
mologous recombination. In line with this possibility, it has been
reported that �H2AX dephosphorylation (removal) is required
for efficient DNA end resection, which is a prerequisite for homol-
ogy-mediated DSB repair (59). Besides RhoB promoting DSB re-
pair by PP2A-mediated �H2AX dephosphorylation (Fig. 7), it is
possible that RhoB also promotes DSB repair by PP2A-indepen-
dent pathways, which may in turn further increase PP2A-medi-
ated �H2AX dephosphorylation. PP2A may also stimulate DSB
repair by homologous recombination by dephosphorylating non-
DDR proteins such as Akt1 (60). Indeed, phosphorylated/active
Akt1 has been reported to inhibit homologous recombination by
inducing cytoplasmic retention of Brca1 and Rad51 (61). It is
therefore possible that RhoB inhibition prevents DSB repair by
inhibiting the PP2A-dependent dephosphorylation of Akt1. This
hypothesis is concordant with our previous and current findings
that the loss of RhoB expression promotes the activation of Akt1
(7) and prevents DSB repair by homologous recombination (Fig.
4). Besides �H2AX (and Akt), it is likely that RhoB loss affected
other PP2A substrates, as RhoB loss decreased the global activity
of PP2A, which was measured by using a nonspecific threonine
phosphopeptide (Fig. 5C). Although PP2A can also promote DSB
repair by NHEJ by dephosphorylating Ku70, Ku80, and DNA-
PKcs (17), RhoB downregulation did not significantly affect end-
joining-repair events (Fig. 4). Hence, the predominant role of
RhoB-dependent PP2A activity is likely to promote DSB repair by
homologous recombination. Besides PP2A, it is possible that
RhoB loss also decrease a PP4 activity. Indeed, PP4 loss is primar-
ily involved in the basal increase in the level of �H2AX (62), and
we found that RhoB-deficient cells have elevated endogenous
�H2AX levels (Fig. 6).

RhoB expression commonly decreases during tumor progres-
sion (4–8), and RhoB knockout (KO) mice are more susceptible to
tumor formation and/or progression in response to UVB (63) and
7,12-dimethylbenz[a]anthracene (DMBA), whose metabolites in-
duce DNA damage (24). However, very little is known about the
molecular mechanisms by which the loss of RhoB promotes tu-
mor progression. We show here that RhoB-deficient cells are de-
fective for DSB repair (Fig. 3 and 4) and that, consistent with this,
they have elevated endogenous �H2AX levels and chromosomal
abnormalities (Fig. 6). We recently reported that RhoB-deficient
human skin tumors also have elevated �H2AX levels compared to
RhoB-proficient tumors (63). Hence, our findings suggest that
loss of RhoB could promote oncogenesis by increasing DSB-me-
diated genomic instability.
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FIG 7 Proposed molecular pathways for the role of RhoB in the DDR and
repair. The gray box indicates that PP2A promotes DSB repair by dephosphor-
ylating �H2AX ([1]) and/or non-DDR proteins ([2]) (see Discussion).
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